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ABSTRACT

The waveform bounding approach to fast timing analysis of MOS VLS:
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ABSTRACT they give are close enougn.

The waveform bounding approach to fast timing The objective of the waveform bounding
analysis of mOS ',LS! :,rcjits is discussed. The approach to timing analysis and simulation is to
idea is to compute rigorous clcseo-form expressions combine tne computational speed that results fror
giving upper ano lower Pounds for transient voltage avoiding the numerical solution of differential
wavefor-ns, rather than exact values. Th2 ocal is enuations with the user confidence in tne result
to enable raoic comoutation without sacriticing that comes from rigorous uncertainty oounos. 2ur
user confidence in tne results, attack on tne timing analysis proufer is based on

a careful fundamental study of the oifferentiaI
" ackround and Objectives equations describing the dynamics of oates, pass

Existinc approacnes to timing analysis and transistors, interconnect, and the standard digta,
simulation o' digi tal integrated circuits fall, circuits constructed from them.
rouaniy speaking, into three classes: in addit'. to the MIT arouO workinc on this

1) Methoas suc" as SPICE2 [I1 and ASTAP [2], project, Mark Hop,'itz r12,137 is currentiv com-
based on essentially exact numerical solution of pletnc a dissertation on MOS timing analysvis at
the netwoK'S differential eauations, are accurate Stanforo.
and reliaoie. But even with the increase in speed
afforoed c. the waveformn relaxation metnod [,i I. Response Bounds fcr ntercorne::
exact numerical solution is too slow for tne needs 2.1) Linear Interconnect Models
of the VLS: era.

ii) Specializec MOS C:ming simulators lik This section summarizes the results octanec
MOTiS-C [4] and SPLICE :5. rely on table look.: of in [12]. In this work an MOS sional vtstrinut:cr
device characteristics for speed, and save addition- network as shown in Fin. I is s a
al time by terminating a Newton-Rapnson or similar branched linear RC line, i.e., an RC :re, as r

iterat:on before convergence is reacned. SPLICE Fig. 2.
is in addition a mixed-mode circuit, timing and
logic simulator and uses a selective trace algo-
ritnm- to exploit latency. in both these Programs - -
the termination of an iterative step prior to con- '..

veroence saves time at tne cost of accuracy and, in
some instances, of numerical stability [6]. The D *di.. *c.. -
improvement in speed over SPICE2 is typically one
to two orders of magnitude for SPLICE [5] and about *0L :
two orders of magnitude for MOTIS-C [7]. A

iii) More recently, some researchers are ex-
ploring an alternate aoproacn to timing analysis GNo
and simulatior Dased on a radically simplified
electrical descriotion of the network. RSIM [8], Figure 1. Typical MCS signal-distribution retworK.
CRYSTAL [9, and ' [0,111 fall at the far end of The inverter is shown driving three gates.
the speed-accuracy tradeoff curve from SPTCE2. A
MOSFET is typically represented in these programs by " "
an extremely simplified model: a linear resistor in
series with a switch. And a polysilicon or dif- -- -- - -
fusion line is represented by a lumped capacitance ..- -

in RSI , or by a de:ay in TV obtained by simply
averaging the upper and lower delay bounds obtained _-

by Ruoinstein, Penfield, and Horowitz [12]. These -

programs are potentially very fast and have a num-
ber of attractive user-oriented features. The Figure 2. The linear RC tree shown above is a model
drawback. of course, is that there are no absolute for the network of Fig. I. The voltage
known limits to the error in their total delay source is a unit step at time t z 0.
estimates. The user can never be sure the answers For any two nodes in the network, Rim is defined as
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t'esum of the resistances along the route consisting of resistance of the inverter, the nonlinear cate-to-
the intersection of tnE Path fror t,,Inbut tnode i with channei capacitance ol the 4OSFET loads, and the non-
the Datr from the input to node i-, as illustrated in Fig. linear capacitance from any diffusion line to substrate.
3. The three time This section describes recent work [17-201 that allows

mccE, the bounds for linear networks [12' -o be applied to

SRC lines incoroorating such nonlinearities. (Further
-- __ research is needed for branched lines, i.e. RC trees.,

Using the notation and sign conventions illustratec
in Fig. 5, the

Figure 3. 1:'istration o0 resistance terms. ror this

network, Rk, = I * R2, Rkk = l  R2  R3 ,

ano Rii = Ri + R2 4 R5 .

constarts used to derive response bounds are

7P R kk Ck (1)

7 i ki Ck  (2) Figure 5. Two-capacitor example of a nonlinear, non-

I uniform RC line.

K 1'i W K/Rii" state equations for any nonuniforr, nonlinear lumpedK

where tne summations are taken over all nodes of the RC line with N capacitors can be written in the for-

networK. The derivation in [12] shows that vi(t) • 1
v;(t v < ; t, for a*i t O. where vi(t) is the actual v ( -jlV -j.l V- j--
zero state ste. resoonse at any terminal node ii, and

thne bounds v, t anc v. :) are given by I j N,

. - where clo 0, v I e and the caoact.or constitutive- ]i ;; elaion Q : hv )arecontinuous,) differentiable

i ;- Ri t <Tp-TRi (4) with Ci (v) h'A(v')> 0 everywhere. We assume the
resist~r crvsare continuously dile-etiaole, strictl'
increasing, and pass through the origin.

- - ~ - "' P., "-Ri - Lemma 1 [191

-- t- ,C (5) Consider any nonlinear, nonunifc
- 

RC line. At any
Di-Ri instant during an "up" transition li e. e > 0, e _ 3)

4 from equilibrium,
7 ' 

- T R  
v t) 0 > , v (t) e, v W(t) < V. t

as illus:ra:e: " :. . and vW(t) 0 0, 1 < j _ N.

;, Lemma I is proved in (19]. Using it, we give
proof in [20] of the

Monotone Response Theore- for No linea-. Nonunrfc--
RC Lines. Given a nonlinear RC line as described above.

S,,, - -ucoose that (because of circuit Dara-eter uncertaint:,
:7 /the use of linearized models for nonlinear elements,

replacing the exact input by input bounds, etc.,) we
do one re of the following:

___ __a, timate the inout e(t),
"3 " " "i , " ~b) u, estimate one or more R's,

igure 4. For- of the bounds with the distance from the c) underestimate one or more C's.
exact solution exaggerated for clarity. The resulting circuit model will then necessarily over-

The time required to compute these bounds grows only estimate the output vj(t) at each instant t durino 'up
linearly with the numoer of elements in the network. transitions (i.e., during transitions where e , 0.
Recent applications of this result include [l0,ll,14,15 e _ 0 throughout.)
16). The ultimate goal of this Portion of the project

is to derive a hierarchy of such bounds, permitting the A similar result holds for "down' transitions and

user tO trade off accuracy for computation time. estimate erors of the opposite sign. Using part a) of

the assumptions, this theorem allows us to computationally
2.2) Nonlinearities Affecting Interconnect propagate upper and lower signal bounds through the network.

The linear circuit model in Fig. 2 fails to Using parts b) and c), it allows us to replace a nonlinear

incorporate three types of nonlinearities present in line by two linear ones, one strictly faster and one

Fig. 1 or related circuits: the nonlinear output strictly slower, to which the linear network bounds (4,5)

Av'i.idblity Cogi4vat1 and/or

.:J ti t Specil.l

I I I I I I of
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in turn apply. We nave not yet succeeded in findinc a "equivalent bounding trdnsistor . The cost of
generalization of this result that will apply to non- this simplification is that the exact value of
linear RC trees. i for the network on the left is replaced by a

Ill. An Aooracp to vaveform Boundino range of values in the simpler model correspond-

for MOS Looic Gates ing to VGB , VGB B VGB-

3.2) Reducing a Multiple-Inout Gate to an "EouivaiertT- esults reported nere apply to TS evice models Bounnin- Tnverter'
of the form

W A gate can be modelled as an "eQuivalent bounding
D  (GB DB VSB), (7) inverter" by performing the reduction outlined in section

3.1 on both the pullup and oulldown networks, reducina
wnere D,GS and B refer to drain, gate, source and sub- each to a single transistor. Initial trials, comoarinc
strate, resoectiveiy. For specificity we consider only SPICEZ simulations of the oricinal network witn sjmulations
n-cnannel devices in this paper. No special algebraic of the "equivalent boundino inverter" indicate that the
form for f is assumed, only that f is continuously resulting bounds for Iou8 "Out) differ roi tre exact
differentiable and satisfies the natural monotonicity value: by only about t for orArtical circuits.
conditions -.3) Boundino the Response of an 7nverte, and Load tc

.f , f . Input T7ransitions
0,- , 0 (8) When applied to some multiple-input gates, the re-:V GB 3 , SB duction procedure described in the previous two sut-

everywnere, Thus a wide variety of device models are sections may yield an inverter in which the oulIluo gate
allowed, with the exception that (7) does not allow for is externally driven. But for simplicity we consider
snort-channel effects. here only tfe case of d standard NMOS depletion - load

Our aooroacn will be to reduce a multiple-input inverter as in Fig. 7.
logic gate by steps to an 'equivalent boundin g inverter"
and then to find bounds for the response of this inverter.

3.1, Reduction of Series-Paralle Transistor Network
tc 7zuivaiert Bounoinc Transistorout

We nave developed a metnod for reducinc any series-
-arallel transistor network to a single "equi'.et 0 [
Poundinc transistor.' .sinc tne technique recursively, (Sing'*caoCto,
one can repace tne Duiluc or pulldown network o a QC Cr.

multi:le-inout gate D, a single transistor and have Figure 7. Depletion-loao 4',verter.
-7gnrous pounds for the error produced by this simpli-
fication. To bound the resnuose time of tne loaded inve'te,-

we need simple bounds on the function iout 'Vo' v''
For examole, a parallel connection of N transistors, wniut is the difference of the pullun and pul ccr

all identica" except for widths, lengtns and gate currents:
voltzceo, satis'ies .~i ( -

i IV i (Vou ) id V u

f(-, ,IS out' out' "in Pu out d cut' V :r

% 0: Simple linear bounds on both the oulluc ano pulloowr
IV, I VSV'" (9) currents are shown in Fic. 8. The resiltoi ccurcs

, O, Sa for the output curve iout 'Vout' depend or,

wnere v'n 0 s he vector o4 cate voltages. We have proven 1o
.

tnat, beause f tne assumotiors (8), there exist wed, ...
-ea independent cf vs, ano v,3 and vrB that depend on vG|"
sicn that c can ce re:iacec oy the simpler bounds \,, "

L - e2 SB- -At~ CV'0"
W"bowws$

L .SB), Figure B. Simple linear bounds on the oulluo and pull-
ec down currents. The latter depend on vin' ano

'or all vB. vsi, lescr'inc a sinole transistor .iith a hence on t.
range o' cate voitaces. The Function f is the same
throucnout '9 aro '3' :ioure 6 illustrates this Initial simulations using this approach indicate that
process for 2, 3 .the delay bounds for these simplified models differ fror

the delays obtained from SPICE simulations by about
+ l~

IV. Further Work in Prooress

_C Much work remains to be done before the theoretical
•. 0,. ---. basis for the waveform bounding approach to timing

analysis is complete. Among the larger remaining
problems are:

vs 1. extending the Penfield-Rubinstein bo-nds to in-
corporate time-vary ino source resistances, sucm as thoseFigure 6 Replacing a parallel transistor network by an modelling hteYPuTown current in Fig. a,
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2. finding bounds for the response of an R'. tree [153 R. Putatunda, "Automatic Calculation of Delay ir
containing pass transistors, Custom Generated LSI/VLSI Chips," Proc. IEEE !nt. Conf.

3. investigating the tolerance in the bounds on Circuits and Computers, Sept. 1982 .p 9-'95.
obtained so far ano fincing tighter oies where necessary. [16] E. Tamura, K. Ogawa, and T. Nakano, "Path Delay
ana Analysis for Hierarchical Building Block Layout System,

4. incorporating effects of the Miller capacitance ACM IEEE 20th Desian Autom. Conf. Proc., june 1983,

into bounds. pp. 403-40.
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